Episodic memory deficit is a common cognitive disorder in human temporal lobe epilepsy (TLE). However, no animal model of TLE has been shown to specifically replicate this cognitive dysfunction, which has limited its translational appeal. Here, using a task that tests for nonverbal correlates of episodic-like memory in rats, we show that kainate-treated TLE rats exhibit a selective impairment of the "what-where-when" memory while preserving other forms of hippocampal-dependent memories. Assisted by multisite silicon probes, we recorded from the dorsal hippocampus of behaving animals to control for seizure-related factors and to look for electrophysiological signatures of cognitive impairment. Analyses of hippocampal local field potentials showed that both the power of theta rhythm and its coordination across CA1 and the DG-measured as theta coherence and phase locking-were selectively disrupted. This disruption represented a basal condition of the chronic epileptic hippocampus that was linked to different features of memory impairment. Theta power was more correlated with the spatial than with the temporal component of the task, while measures of theta coordination correlated with the temporal component. We conclude that episodic-like memory, as tested in the what-where-when task, is specifically affected in experimental TLE and that the impairment of hippocampal theta activity might be central to this dysfunction.
Introduction
Episodic memory is defined as the ability to consciously recall previous experiences that held temporally dated information and spatiotemporal relations (Tulving and Markowitsch, 1998; Davachi, 2006) . Deficits of episodic memory are present during aging and in many neurological conditions including Alzheimer's disease and certain forms of epilepsy (Helmstaedter 2002; Maguire and Frith, 2003; Addis et al., 2007) . However, the basic mechanisms both in health and disease are unknown.
Although episodic memory is closely associated with language and consciousness, paradigms have been devised to test for episodic-like memory in animals (Clayton and Dickinson, 1998) . Thus, the specific attributes of an episode are separated into the "what" happens "where," with contextual information (temporal "when" or circumstantial "which") being implicitly considered (Eacott and Norman, 2004) . The ability to simultaneously integrate these features of unique experiences is considered a valid experimental definition of this memory type (Griffiths et al., 1999; Pause et al., 2010) .
Using the spontaneous preference of rodents for novelty, singletrial object recognition tasks have been refined to test for episodiclike memory processes (Ennaceur and Delacour, 1988; Aggleton and Pearce, 2001; Fortin et al., 2002; Eacott and Norman, 2004; Langston and Wood, 2010) and, specifically, for the what, where, and when components of unique experiences (Dere et al., 2005; Kart-Teke et al., 2006; DeVito and Eichenbaum, 2010) . A similar version of the "what-where-when" task applied to humans confirms that it tests for nonverbal behavioral correlates of episodic memory (Pause et al., 2010) . Thus, the what-where-when task, by involving long delays (up to 100 min) and by combining both spatial and temporal aspects, allows for evaluation of episodic-like memory in animals.
There is evidence that different neuronal inputs, carrying information from upstream cortical layers, converge on the hippocampus to create unique contextual meanings (Morris, 2001; Davachi, 2006; Witter et al., 2000; Eichenbaum et al., 2007) . Therefore, the role of the hippocampus in episodic memory should depend on its capacity to bind these attributes of unique experiences into a spatiotemporal representation (MacDonald et al., 2011; Naya and Suzuki, 2011) . However, investigation of neuronal processes underlying memory for single events remains a methodological challenge (MacDonald et al., 2011; Tort et al., 2011) . The possibility to test for the snapshot nature of whatwhere-when memory provides unique opportunities to unravel the underlying mechanisms in animal models of disease (LenckSantini et al., 2005; Knierim et al., 2006; Good et al., 2007; Chang and Huerta, 2012; Davis et al., 2013) .
Here we used the what-where-when object recognition task (Kart-Teke et al., 2006) to probe episodic-like memory abilities in a rat model of temporal lobe epilepsy (TLE). Previously, we confirmed that these animals successfully learn and remember a hippocampal-dependent spatial memory task in the Morris water maze . We used these chronic TLE rats to test for the specific disturbance of the integrated what-wherewhen memory, as well as for memory of individual components of episodic-like memory. We obtained multisite recordings of hippocampal local field potentials (LFPs) to relate changes of neuronal dynamics with specific disruption of different cognitive aspects of episodic-like memory function.
Materials and Methods
A major concern in looking at the neuronal basis of cognitive deficits in TLE is to separate effects of seizures, interictal activity, and brain lesions (Aldenkamp, 1997; Holmes and Lenck-Santini, 2006) . We have shown that Wistar rats with chronic epilepsy induced by low doses of kainate exhibit major neuropathological TLE features in an otherwise relatively intact brain . These animals show cell loss confined to the hippocampus and not affecting the amygdala and other structures. They have normal anxiety levels and hypothalamic-pituitary-adrenal axis functioning, while suffering seizures of similar features to other lesion models . Also, in contrast to other TLE models, these rats successfully learn the Morris water maze and the hippocampal-dependent version of an object recognition task (Suárez et al., 2012) . Hence, we chose to use this model to look at specific disturbances of episodic-like memory using the what-wherewhen task (Kart-Teke et al., 2006) .
Animals. Adult male Wistar rats (180 -200 g) were housed individually under controlled conditions (ϳ22-24°C, 12 h light/dark cycle) and fed ad libitum. They were assigned randomly to control or epileptic groups. Animals in the TLE group were submitted to multiple systemic kainate injections until they reached the status epilepticus, as described previously (Suarez et al., 2012) . Animals that did not enter status epilepticus were not included in the study. Control animals were injected with saline in identical fashion and were treated similarly to animals in the epileptic group. We also included some normal, untreated rats in the control group since no differences between these and saline-injected rats were apparent. Procedures met the European guidelines for animal experiments (86/609/EEC). All experiments started ϳ8 weeks post-status when kainate-injected rats started to exhibit recurrent seizures. A total of 22 normal rats and 26 TLE rats were used in this study.
Object recognition tasks. The test apparatus consisted of a square open field (80 ϫ 80 ϫ 50 cm) that was situated in an evenly illuminated room (15 lux) with ambient noise masked by a white-noise generator and several spatial cues. Visual cues were visible on the surrounding walls. Rat behavior was monitored with a video camera, and exploration was analyzed off-line with a computer tracking system (Ethovision 1.90, Noldus IT). Nine different objects (in duplicate or quadruplicate) were used. They differed in terms of height (10 -15 cm), base diameter (8 -10 cm), color, shape, and surface texture. In pilot studies, we confirmed that rats showed no preference between these objects. Animals never climbed onto the objects during exploratory tasks. Odor cues were removed after each trial by cleaning objects and the open field with acetic acid at low concentration (0.1%).
Animals were handled individually on 4 consecutive days for 4 min each before starting habituation sessions, consisting of 10 min free openfield exploration three times once a day. On the first day after habituation, rats were tested on the four different tasks using the object recognition paradigm to test the individual components of episodic-like memory [novel object recognition (what) , spatial recognition (where), and temporal memory (when)] and to control for object-place recognition memory to ensure that rats can associate objects and places. Each trial consisted of either one or two sample phases (3 min), followed by a test phase (3 min) after an intertrial period of 50 min. The orientation of the objects during the sample trials and the test trial was randomized between subjects and across the different tests within subjects. The interval between tasks was at least 48 h and the task order was as follows: what, object-place, where, and when. A schematic illustration of each task is represented in Figure 1 , as follows: what memory (Fig. 1A) , where memory (Fig. 1B) , when memory (Fig. 1C) , and object-place memory (Fig.  1D) . The episodic-like what-where-when memory task ( Fig. 2 ; Kart-Teke et al., 2006) was performed after animals had been tested on the individual components in the four previous tasks. While the object-place memory task (Fig. 1D) could resemble the what task (Fig. 1A) , it tested for the ability of the rat to associate objects and places, a key capability required to successfully solve the what-where-when task.
In addition, we tested for the effect of two temporally dated sample phases in memory by designing a task to check whether rats had similar access to information from the sample phases when they entered into the test phase of the when and the what-where-when tasks. In this task, animals had to discriminate a novel object from familiar objects that were seen in samples 1 (100 min ago, test 1) and 2 (50 min, test 2; Fig. 1E ; the position was randomized between animals). If information gathered during sample 1 was neglected or weaker than that of sample 2, then discrimination ratios in test 1 and test 2 will be different. Instead, if animals exhibited similar discrimination ratios for the novel object, then we can argue against rats not recalling information from the first acquisition sample.
A total of 8 control animals and 10 epileptic rats were tested in all the behavioral tasks, except for the task in Fig. 1E where eight control rats and four TLE rats were used. Some additional rats (n ϭ 6 control, n ϭ 12 epileptic) were tested in the what-where-when task while being electrophysiologically recorded from the dorsal hippocampus using multisite probes and similar behavioral protocols.
Electrophysiological recordings. Rats were implanted with linear arrays of 16 or 32 channels before the episodic-like memory task under anesthesia with 1.5-2% isofluorane mixed in oxygen (400 -800 ml/min) and were continuously monitored with an oximeter (MouseOX, Starr Life Sciences). Electrode implantation was performed 8 weeks after kainate treatment, when rats started to exhibit recurrent seizures. Acute surgical treatment included using enrofloxacin (10 mg/kg, s.c.) and metilprednisolone (10 mg/kg, i.p.) to prevent infection and inflammation, and the analgesic buprenorphine (0.05 mg/kg, s.c.). For probe implantation, rats were placed in a stereotaxic apparatus (Kopf Instruments), and their skulls were exposed to perform a craniotomy 1.8 mm wide at 5.6 mm posterior to bregma and 4 mm from midline. Several jewelers' screws were fixed to the skull for implant stability, and ground and reference at the occipital region. Multisite silicon probes (NeuroNexus Tech; site impedance, between 0.3 and 1.2 M⍀; interelectrode distance, 100 m for 16-channel probes, 50 m for 32-channel probes) were implanted either fixed or mounted on an adjustable microdrive [both custom-made or using the nDrive, Neuronexus Tech (http://hippo-circuitlab.com/2013/ 04/microdrive-implanting-procedures-2/)] and advanced under electrophysiological control. The craniotomy and probes were covered with sterile Vaseline, and the microdrive base was cemented in place with dental acrylic (Kemdent). After surgery, the area was dusted with topical antibiotic powder. Experiments did not begin until at least 1 week later.
Electrophysiological recordings were obtained using a unity-gain multichannel headstage with an infrared light-emitting diode (LED) to track the rat's position (Axona). Signals were amplified 400ϫ and recorded at 4800 Hz/12-bit precision in a frequency band from 1 to 2400 Hz after analog filtering (Dacq system, Axona). The positional signal from the LED was stored at 50 Hz in the x and y coordinates with a spatial resolution of 300 pixels/m. The time spent by rats exploring different objects during the what-where-when memory task was recorded on-line using the computer keyboard and further analyzed off-line (see below).
Recordings were obtained daily between 8:00 A.M. and 7:00 P.M. over 1-3 weeks. During these sessions, animals were examined for their activity during several behavioral conditions (walking, running, immobility, and sleep) and while undergoing behavioral tasks. Some animals were also continuously videotaped in periods of 48 -72 h for seizure detection. Spontaneous seizures were classified according to the Racine scale (Racine, 1972) as follows: (1) orofacial automatisms (stage 1); (2) head nodding (stage 2); (3) forelimb clonus (stage 3); (4) forelimb clonus with rearing (stage 4); and (5) forelimb clonus with rearing and fallings (stage 5). Electrographic seizures were identified as a typical ictal pattern accompanying convulsive manifestations of stages 2-5. Interictal spikes were identified as transient sharp waves Ͼ800 V that eventually satu-rate the amplifier in some, if not all, the recording sites. They were typically, but not always, associated with high-frequency oscillations in a wide range from 30 to 800 Hz (Ibarz et al., 2010; Jefferys et al., 2012) .
Histology. After completing the experiments, implanted rats were perfused intracardially with 30 ml of PBS 0.1 M, pH 7.3, with 0.2% heparin, followed by 200 ml of 4% paraformaldehyde. Brains were removed, and coronal sections (20 m) were cut on a vibratome to localize the probe track and to confirm features of TLE-associated hippocampal sclerosis. Immunohistochemistry, using a monoclonal anti-NeuN antibody (1:1000, Bachem), was performed on gelatin-coated slides, by the biotin-avidin-peroxidase method, as described previously . Images were taken with a Leica DFC295 camera coupled to a stereomicroscope (S8APO, Leica).
Behavioral data analysis. Proportional differences between exploration times of different objects were examined to evaluate task performance quantitatively. Object exploration was defined as the rat being within 2 cm of an object, directing its nose at the object, and being involved in active exploration such as sniffing. For each rat, the time spent exploring the test object in the what, where, when, and objectplace memory tasks (Fig. 1A-D, arrows ) was converted to a discrimination ratio with the following formula:
A discrimination value of zero indicates no preference (chance level); whereas, a positive value indicates a preferential exploration of the test object, and a negative value indicates preferential exploration of the control object (Ennaceur and Delacour, 1988) .
For the episodic-like memory task (Figs. 2, 4), we defined a where memory index to quantify exploration of the object that had recently changed location as the proportion of time spent exploring a recent displaced object (B2) against a recent stationary one (B1), in a manner similar to that of DeVito and Eichenbaum, 2010:
A when memory index was defined as the proportion of time spent exploring an old stationary object (A1) versus a recent stationary object (B1) according to the following formula:
For these ratios, a value of zero indicates no preference (chance level), whereas a positive value indicates a preferential exploration of the recently displaced object for where and of the old stationary object for when.
To evaluate against chance exploration of objects, we also defined discrimination indices (DIs) in the test phase of the episodic-like what-where-when task (Figs. 2, 4 ) by dividing the time spent exploring each of the objects by the total exploratory time on all four objects (chance level at 0.25).
Normality was confirmed with the Kolmogorov-Smirnov test. In these cases, data were analyzed with multivariate ANOVA with tasks and objects (discrimination ratios or exploratory times) as the within-subject factors, and groups (control, epileptic) as the between-subject factor. Posterior t tests for independent samples were run to check for difference between groups, and results were considered significant at p Ͻ 0.05 and Bonferroni corrected if required. Data not meeting the normality criteria were compared using nonparametric tests (Wilcoxon signed-rank test). In addition, the main discrimination ratios of each group were compared with chance performance using one-sample t tests. Behavioral data are represented as the mean Ϯ SEM, unless otherwise indicated.
Electrophysiological data analysis. LFPs from different recording sites on the 16-channel probe were analyzed using routines written in Matlab (MathWorks). Hippocampal strata were identified using information from typical Figure 1 . Behavioral data. A, To ensure that rats could discriminate between objects and recognize familiar objects after 50 min, they were tested in a novel-object recognition task (what memory). A discrimination ratio was defined as the ratio between the difference in timespentexploringthenovel(arrow)versusthefamiliarobjectdividedbythetotalexploratorytime.Theinsetshowsthetotalexploration time in the test phase. B, We used an object recognition task to test for the ability to discriminate spatial changes (where memory). C, The recognition memory of objects encountered in different temporal context (when memory) was tested in a two-sample task with two different objects. D, The ability to associate an object and a specific location was tested with an object-place memory task. Discrimination wasdefinedasexplainedabove.E,Tasktocheckfortheeffectoftwodifferenttemporallydatedsamplephasesonnovelobjectrecognition. Exploratory preferences for a novel object (star) were tested against an early (cylinder) or a recent (pyramid) familiar object. EЈ, Control animals exhibited consistent exploratory preferences for the novel object independent of whether it was confronted with familiar objects seen at different time frames. EЉ, Similarly, TLE rats exhibited similar exploratory preferences for the novel object tested against familiar objectsfromtwodifferenttemporallydatedsamples.DatainA-DaregivenasthemeanϮSEM(nϭ8control,nϭ10epileptic).Datain E reflect the mean Ϯ SEM (n ϭ 8 control, n ϭ 4 epileptic). No statistical differences were found between groups for any test.
LFP events, including the following: (1) multiunit activity to identify the granule cell (GC) layer of the dentate gyrus (DG) and the CA1 stratum pyramidale (SP), which was also identified using information from ripple events; (2) sharp wave events to define the CA1 stratum radiatum (SR); (3) dentate spikes to identify the molecular layer (ML) of the DG; and (4) the spatial distribution of theta oscillations (4 -12 Hz) and gamma activity (20 -90 Hz), which, together with the previous information, allowed us to identify the stratum lacunosum molecular (SLM). Layer identification was confirmed with post hoc NeuN immunostaining. Defective recording sites (one to two in some probes) were linearly interpolated from LFPs at neighboring nondefective sites. Interpolated data were used only to study the spatial expression of spectral indices of the LFP signals. Rats with defective sites at the SLM and ML were not included.
For simultaneous analysis with LFP spectral features, kinematic variables (position, speed, and acceleration of the rat), and keyboard information (object exploration), data were segmented in windows of 1 s. The spectral power (in decibels 10 ⅐ log 10 ) in SLM and ML and the SLM-ML theta coherence (4 -12 Hz) were estimated using the Thomson multitaper method [Thomson, 1982;  coherence was calculated using routines by Peter Huybers (http://www.people.fas. harvard.edu/ϳphuybers/Mfiles)], with two tapers for 1 s windows in such sliding windows with 50% overlap, yielding a frequency resolution of 1 Hz. To determine the effect of movement speed on theta power, animal running (Ͼ5 cm/s) was correlated with indices of theta power and coherence in similar windows. To examine taskdependent modulation of theta activity, spectral and kinematic variables were examined in data segments defined from keyboard information on the exploratory visits to each object, as recorded on-line during the what-where-when task by pressing predefined keyboard letters. The total time spent on each object visit (epoch) was divided by two to define a midpoint for each object exploration episode (Tort et al., 2011) . Signals of interest (theta coherence, power, and speed) were then aligned with respect to this midpoint for each epoch (zero time). This procedure allowed the evaluation of both consecutive visits to the same object and the effect of exploration order of different objects over the whole task. Exploration epochs shorter than 1 s were not included in the analysis. Only whole-session artifact-free data were included in this analysis (n ϭ 2 control, n ϭ 2 epileptic rats).
For quantification and comparison between groups, we first segmented continuous data from the whole recording session (300 s) to look for segments free of artifacts (typically produced when the animal encountered the walls and the objects) and to exclude short periods of immobility that usually accompany open-field exploration. First, LFP signals from the SLM were Fourier transformed at 0.5 Hz resolution, and the theta peak frequency was defined as the mean power peak of the average spectrum in the 6 -10 Hz band. The spectral domain was then resampled at 2 Hz resolution such that a central theta bin was centered on the theta peak frequency previously detected. We chose data segments with clear theta activity, as evaluated by the maximal power at the central theta bin. The 1 s central part of each of the selected segments was isolated to get a set of 1 s nonoverlapping segments (118 Ϯ 88 segments per animal). We also confirmed spectral differences (power and coherence) between groups using current-source density (CSD) signals. Data with poor spatial sampling around the SLM and the molecular layers (due to defective sites or poor layer resolution) were not included in this analysis. Isolated defective sites were linearly interpolated from adjacent sites before CSD estimation. One-dimensional CSD profiles were calculated using the second spatial derivative of local field potentials, and no smoothing was applied. Spectral features of CSD signals were analyzed at defined hippocampal strata, using information from relevant events (e.g., sharp waves, dentate spikes), as described above.
The theta frequency peak, theta (4 -12 Hz) and gamma (30 -90 Hz) power, theta coherence, and a theta phase-locking value (PLV) were estimated from data segments selected as described above at a resolution of 1 Hz. The spectral power was given in decibels (10 ⅐ log 10 ) and calculated using a Hamming window and the fast Fourier transform. Theta and gamma power were defined from the area in the 4 -12 Hz and 30 -90 Hz bands, respectively. Pairwise theta coherence was defined using the Thomson multitaper method in the band of 4 -12 Hz from the crossspectral power densities (Thomson, 1982) . A pairwise PLV was estimated from the Hilbert transform-based analytic signals in the 4 -12 Hz band (noncausal finite impulse response filter and Hamming window; Lachaux et al., 1999) . PLV is a measure of the significance of the phase covariance between two signals. The spatial distribution of spectral measurements was evaluated using LFP signals from sites at different strata in the CA1 and the DG, and aligned with respect to the SLM for each animal. We also evaluated spectral indices across the hippocampal regions CA1 and DG as follows: (1) by averaging the theta power at individual sites from each region (all sites at SR and SLM for CA1; sites at ML for DG); and (2) averaging together coherence and PLV values from all site pairs between regions. Kinematic variables, including position, speed, and acceleration, were calculated using similar 1 s data segments.
Figure 2. Episodic-like memory task. A, The episodic-like memory task consists of two sample phases and a test phase. In each sample phase, rats encountered two sets of four identical novel objects (old objects, sample 1; recent objects, sample 2). In the test phase, objects were mixed together. Two of them were placed in the same location as in sample phases (A1, old-stationary; B1, recent-stationary). The other two objects were placed in new locations (A2, old-displaced; B2, recent-displaced). B, Distribution of exploratory times per object in the test phase for the control and epileptic groups. BЈ, Total exploratory time for each group in the test phase. C, Discrimination index where and when. D, Mean discrimination index for objects A1 (DI-A1) and B2 (DI-B2) from each group. Data are represented as the mean Ϯ SEM (n ϭ 8 control, n ϭ 10 epileptic). *p Ͻ 0.05, **p Ͻ 0.01.
Normality was confirmed using the Kolmogorov-Smirnov test. Variations of spectral and kinematics variables during several epochs of object exploration were evaluated using z-score statistics [z ϭ (data Ϫ mean)/SD), with z ϭ 0 reflecting epoch data at the population mean (z ϭ Ϯ1 for epoch data at SD). Differences between spatial profiles of theta power, frequency, coherence, and PLV were analyzed with a three-way nested ANOVA with group (control or epileptic), task (episodic-like memory or habituation), and sites (9 levels) as factors, and session (18 levels) as an extra factor nested in the group and task factors. Student's t tests for independent samples were used to check for differences between groups and were Bonferroni corrected. Univariate linear regression analysis was performed to study the relationship between spectral variables and behavioral indices. A 95% confidence interval was estimated using a leave-one-out procedure, excluding one rat (two sessions) at a time. Correlations were evaluated using the Pearson coefficient and the associated Student's t test. In the case of correlations across the entire population (control and TLE rats), significance was rejected whenever the group factor had a confounding effect over the dependent variable; that is, the R 2 of the regression between electrophysiological and behavioral variables (interchanged as dependent and independent for each test) has to be significantly higher than the R 2 of the regression between each dependent variable and a binary-coded group variable (binomial test with p ϭ 0.05). Data are given as the mean Ϯ 1.96 SEM (95% confidence interval), unless otherwise indicated.
Results

Preservation of individual memories for what, where, when, and object-place associations in experimental TLE
We first tested for the ability of TLE rats to recall in isolation the individual components of episodic-like memory (i.e., what, where, and when memories, together with memory for objectplace associations). Animals were tested with single-trial object recognition tasks at 50 min intervals between the sample and the test phase. TLE rats (n ϭ 10) performed similarly to controls (n ϭ 8) in all tasks examined, with discrimination ratios (what, where, when, and object-place) showing no significant interaction (F (4,13) ϭ 0.575; p ϭ 0.719; Wilks ϭ 0.81; Fig. 1A-D) . We examined the animals' ability to discriminate between objects and found no difference between groups ( Fig. 1A-D ; all comparisons were Bonferroni corrected). Moreover, there was no difference in the total exploration during the test session (F (4,13) ϭ 0.744; p ϭ 0.57; Wilks ϭ 0.744; Fig. 1A-D, insets) . Therefore, the ability of TLE rats was unimpaired in independent tests of what, where, when, and object-place memories. However, it might be possible that the individual when memory task (Fig. 1C) can be reduced to the what task (Fig. 1A) , provided that sample 1 is neglected by the animals. This argues against the idea of testing a when memory with two-sample phases, because they could be solved without any temporal reference. To discard such an effect, we implemented a task (Fig. 1E) aimed to check for differences in exploratory preferences between a novel object and familiar objects that were seen in samples 1 (100 min ago, test 1) and 2 (50 min, test 2). We found that both control (Fig. 1EЈ ) and epileptic rats (Fig. 1EЉ ) exhibited similar exploratory preferences for the novel object (star), independently of whether it was confronted with a familiar object seen in sample 1 (cylinder) and sample 2 (pyramid). These data argue against animals not recalling information from the first acquisition sample. Having controlled for this factor, data from the when task (Fig. 1C) confirmed that rats from both groups had access to information gathered from two different time frames, since they explore the object seen in sample 1 (early) more than the object seen in sample 2 (recent). Therefore, the animals kept a sense of timing, potentially reflecting a memory for the elapsed time between the sample and test phases (Roberts et al., 2008) .
Specific deficit of the what-where-when memory in TLE
We then tested for binding of the what-where-when memory triad using a single-trial object recognition task ( Fig. 2A) , previously shown to test for nonverbal behavioral correlates of episodic memory (Pause et al., 2010) . During the task, animals encountered two groups of objects at different times and in different locations. Exploratory times of the control group alone did not meet normality, and therefore nonparametric analyses were applied. Consistent with previous reports in rats (Kart-Teke et al., 2006; Inostroza et al., 2013) , normal animals (n ϭ 8) exhibited biased exploration spending more time exploring an old familiar object A1 than a recent familiar object B1 that remained stationary (Fig. 2B , A1 black vs B1 red; z ϭ Ϫ2.101; p ϭ 0.036, Wilcoxon test; Bonferroni corrected, p ϭ 0.025). This confirms that control animals recognized objects explored during separate trials and remembered their order of presentation. Control rats also showed differential exploration of displaced objects, spending more time exploring a recently displaced object B2 than the stationary object B1 ( Fig. 2A , B1 red vs B2 green; z ϭ Ϫ2.521; p ϭ 0.012, Wilcoxon test) and the old displaced object A2 ( Fig. 2A, A2 blue vs B2 green; t ϭ Ϫ6.787; p Ͻ 0.0001). Overall, control animals preferred to explore mostly the old stationary object (A1) and the recently displaced object (B2) (Kart-Teke et al., 2006) , similar to human control subjects (Pause et al., 2010) .
In contrast, TLE rats (n ϭ 10) exhibited no clear preference during object exploration, never showing better-than-chance discrimination (Fig. 2B) . We then examined the existence of different exploration patterns between groups by considering together the exploratory times of objects A1, A2, B1, and B2 of both control and TLE rats (normally distributed, Kolmogorov-Smirnov test). Multivariate ANOVA with the exploration time for each of the four objects (A1, A2, B1, B2) as the within-subject factor and groups as the between-subject factor revealed a significant interaction (F (4,13) ϭ 12.575; p ϭ 0.0001; Wilks ϭ 0.25; Fig. 2B ). Canonical analysis suggested that a strong percentage of the variance could be accounted for by the group factor ( 2 ϭ 0.774), indicating different exploration patterns in the control and TLE groups. Post hoc comparisons showed that the differences for object exploration between control and TLE groups were concentrated on objects A1 (t ϭ 2.23, p ϭ 0.0012) and B2 (t ϭ 2.13, p ϭ 0.0024, Bonferroni corrected), even though the total exploratory times of TLE and control rats were similar ( p ϭ 0.3219; Fig. 2BЈ ). No differences between control and TLE rats were found in object exploration during the first two sample phases (data not shown).
We then compared the where and when ratios between groups to evaluate the spatial and temporal components of episodic-like memory. We found significant group differences both for where (t ϭ 2.262, p ϭ 0.038) and when (z ϭ Ϫ2.843, p ϭ 0.004; Fig. 2C ). Furthermore, both ratios were significantly greater than zero (chance level) in control but not in epileptic rats, confirming chance performance in the experimental group. Importantly, the where and when ratios were uncorrelated (r ϭ Ϫ0.013, p ϭ 0.961). We also confirmed differences of discrimination ratios for A1 (DI-A1) and B2 (DI-B2), accounting for the exploratory preferences for these objects during the test phase of the task (Fig. 2D) .
Together, these data indicate that kainate-treated Wistar rats were significantly impaired in episodic-like memory abilities, as tested in the what-where-when task. Importantly, impairment of TLE rats was specific for the integrated what-where-when memory (Fig. 2) , whereas they did not exhibit any deficit when the individual components were tested in separate tasks not requiring any binding of spatiotemporal context with an event (Fig. 1A-D) . We previously showed that these epileptic rats were able to solve a complex version of an object recognition task with a 5 min retention interval (Suarez et al., 2012) and the allocentric version of the water maze (Inostroza et al., 2011), suggesting they were able to manage high cognitive loads. Therefore, failure in the what-where-when task points to specific dysfunction of TLE rats to integrate spatial and temporal aspects of events when tested at once.
Simultaneous recordings of hippocampal local field potentials exclude seizure-related subclinical confounding factors
A major concern regarding interpretation of behavioral data is whether epileptic rats were expressing epileptogenic activity, including interictal spikes, electrographic seizures, and any other subclinical activity that eventually interfered with their cognitive performance (Aldenkamp, 1997; Holmes and Lenck-Santini, 2006) . To investigate this, we implanted linear arrays of multisite silicon probes before the task in an independent group of animals (n ϭ 6 control, n ϭ 12 epileptic) to record simultaneously from several strata of the dorsal hippocampus while they performed the episodiclike memory task (Fig. 3) . Recording sites were defined with respect to hippocampal strata using information from relevant electrographic events (sharp waves, ripples, dentate spikes, multiunit firing; see Materials and Methods) and post hoc NeuN immunostaining (Fig. 3A,B) . Hippocampal sclerosis in epileptic animals was evident as cell loss in the CA1, CA3, and hilar regions (Fig. 3, Laminar LFP recordings from control rats showed the characteristic profile of activity, with theta oscillations dominating Figure 3 . Multisite electrophysiological recordings from behaving animals. A, Typical theta activity recorded from the dorsal hippocampus of a normal rat during the episodic-like memory task with a 16-channel probe (left). Middle traces show a representative dentate spike, which changes polarity at the outer molecular layer of the DG. These, together with other typical hippocampal events (sharp wave, ripples, multiunit firing) were used for layer identification. Immunostaining for the neuronal marker NeuN (right) provided further data for localization of hippocampal strata. SO, Stratum oriens; h, hilus; hf, hippocampal fissure. Arrows indicate the probe track. B, Representative epochs of theta activity (left) and a dentate spike (middle) from an epileptic rat. NeuN immunostaining (right) was used in epileptic rats to reveal some histopathological features of temporal lobe epilepsy. Note neuronal loss and hippocampal atrophy, and the probe track (arrows). C, Representative hippocampal activity from another epileptic rat recorded during walking (left) and immobility (right). For clarity, only recording sites at SP, SLM, and ML are shown. Note the high-frequency oscillations at the ML and the maximal theta amplitude at the SLM during walking, while much irregular activity is typically recorded during immobility, similar to that in normal rats. D, Epileptiform events in the form of interictal spikes (blue arrows) were also recorded in these epileptic rats. E, Convulsive seizures were accompanied by typical electrographic patterns, as recorded in the SLM. The discontinuous blue-line groups data obtained from the same epileptic rat.
periods of exploratory behavior (Fig. 3A) and sharp wave ripples (data not shown) typically present during awake immobility. We found similar LFP activity in all epileptic animals (Fig. 3B ), but periods of control-like electrographic activity in a given TLE rat (Fig. 3C) were intermixed with periods (hours and days) dominated by interictal spikes (Fig. 3D ) or convulsive seizures ( Fig. 3E ; Suarez et al., 2012, their Fig. 1 ). To further discard seizure-related effects, we excluded from this study those TLE rats experiencing any kind of epileptiform event 2 h before and after the episodiclike memory task (n ϭ 3 of 12 epileptic rats).
We next examined the performance of rats implanted with multielectrodes in the episodic-like memory tasks (Fig. 4) . Implanted control rats (n ϭ 6) exhibited exploratory preferences for objects A1 and B2, while implanted TLE rats (n ϭ 9) showed no clear preference during object exploration (Fig.  4A) , as described previously for nonimplanted animals (Fig.  2B) . No significant differences were present in the total exploration time between groups ( Fig. 4AЈ ; t ϭ 0.181, p ϭ 0.859). Importantly, the where and when ratios of implanted rats had an appearance similar to those previously reported for animals tested exclusively using behavioral approaches (Fig. 4B) . Implanted TLE rats differed significantly from control animals in discrimination of A1 (t ϭ 5.87, p Ͻ 0.0001), although they did not reach significance for the discrimination ratio of B2 (t ϭ 1.23, p ϭ 0.241; Fig. 4C ). However, implanted TLE animals explored at chance both A1 (t ϭ 1.37, p ϭ 0.207) and B2 (t ϭ 0.61, p ϭ 0.953), confirming their poor performance in the what-where-when task compared with controls. Importantly, interictal spikes, nonconvulsive seizures, and other subclinical epileptiform events were not recorded in this set of TLE rats during task performance, which confirms that deficits in the what-where-when task represent an intrinsic cognitive dysfunction of these TLE animals.
Specific alteration of hippocampal theta activity in TLE rats
Given the major role attributed to the hippocampus in episodic memory, we next analyzed local field potentials recorded in these animals while they performed the test phase of the what-when-where memory task. We carefully chose rats having multisite probes of similar spatial electrode patterning and implanted at comparable levels in the dorsal hippocampus with no defective recording sites at the SLM and ML (four of six controls; five of nine TLE rats).
LFPs recorded during the task showed a dominant theta rhythm in both control (Fig. 5A ) and TLE rats (Fig. 5B) . Maximal theta power was detected around the hippocampal fissure at the SLM (Fig. 5C ), while gamma oscillations were more prominent deep into the DG (Fig. 5D) . Interestingly, we found a significant group difference in the spatial profile of theta power (F (1,14.9975) ϭ 17.8749, p Ͻ 0.001; for example at SLM: control, 115.56 Ϯ 0.83 dB; epileptic, 109.31 Ϯ 2.02 dB; Fig. 5C ), but not of gamma activity (F (1,14.9975) ϭ 0.5914, p ϭ 0.4538; Fig. 5D ). We also found group differences in the delta band (1-4 Hz) at SLM (t ϭ 2.8583, p ϭ 0.0064 for windows of 1 s; t ϭ 2.4328, p ϭ 0.0143 for windows of 5 s), but due to typical contamination of this band in the freely moving tethered preparation, potential differences between groups could not be interpreted. The difference in theta power was not likely to be associated with different levels of 1/f noise between groups; that is, no group differences of the 1/f slope (t ϭ 1.018, p ϭ 0.1645) and intercept (t ϭ 1.223, p ϭ 0.1221). Indeed, theta power normalized by the 100 -300 Hz band exhibited similar group differences, as previously described (F (1,14.9976) ϭ 43.1287, p Ͻ 0.0001). Moreover, we confirmed group differences of the normalized theta power for both LFP (F (1,14.0369) ϭ 65.5884, p Ͻ 0.0001) and CSD signals (F (1,14.0124) ϭ 7.2764, p ϭ 0.0173) along the different hippocampal strata, confirming the local nature of theta impairment.
The dominant frequency of theta activity was significantly lower in epileptic animals (7.47 Ϯ 0.13 Hz) when compared with controls (8.023 Ϯ 0.19 Hz; F (1, 14.9975) ϭ 19.5549; p Ͻ 0.0005; Fig.  5E ), further confirming the specific impairment of hippocampal theta oscillations in TLE animals. Differences in motor activity did not account for theta impairment, since both control and TLE animals explored objects and the open field with similar speed (F (1,15) ϭ 0.3558; p ϭ 0.5598; Fig. 5F ) and acceleration (F (1,15) ϭ 0.1656; p ϭ 0.6898; data not shown). Importantly, coordination of theta activity between SLM and sites at DG, defined by the theta coherence (Fig. 5G ) and PLV as a measure of theta phase synchronization (Fig. 5H ) , was impaired in TLE animals (coherence: F (1,15.0350) ϭ 6.4884; p ϭ 0.0223; PLV: F (1,15.0436) ϭ 7.9323; p ϭ 0.0131). Post hoc comparison showed that differences were maximal and significant for recording sites at 200 m below the SLM, corresponding to the ML of the DG (t ϭ 2.8966, p ϭ 0.0232 for coherence, Fig. 5G ; t ϭ 2.7427, p ϭ 0.032 for PLV, Fig. 5H ; Bonferroni-corrected Welch's t tests).
Theta power values at SLM and SLM-ML coherence were not correlated (r ϭ 0.15, p ϭ 0.4028), emphasizing that they were independently modulated. Contamination from common signals (i.e., volume conduction, common referenced voltage) cannot account for this effect, since group differences for coherence between SLM and ML were confirmed in CSD signals (t ϭ 3.322, p ϭ 0.0031). Since SLM and ML receive direct inputs from the entorhinal cortical layers III and II, as well as from the contralateral hippocampus, our data point to a specific discoordination of these inputs as a potential substrate for episodic-like memory dysfunction in TLE animals. Thus, coordination of theta oscillations may be critical for the retrieval of single events, as has been similarly reported for alternation tasks ( 
Theta rhythmopathy reflects a basal condition of TLE hippocampus
We then asked whether the evolution of theta activity at SLM and ML (generically defined as 200 m below the SLM) and SLM-ML theta coherence along the task were directly related to the preference of the animal for specific objects. We tested this point by looking at the temporal relationship between theta activity and ongoing exploration in the test phase of the what-where-when task. We focused our analysis on the exploration epochs for each object, as defined by keyboard markers during the task (see Materials and Methods) in two controls and two TLE rats showing artifact-free recordings in the entire session. We found no clear statistical trend in SLM-ML theta coherence (Fig. 6 A, B) , or between SLM and ML power (data not shown), Figure 5 . Specific alteration of hippocampal theta activity in TLE. A, Performance of a control rat during object exploration (objects) in the episodic-like memory task. The time-frequency power spectrum of hippocampal field potentials at the SLM and the ML is shown for the 1-30 Hz frequency band, together with animal speed (blue trace) and SLM-ML theta coherence (black trace). AЈ, Tracking of the position of the animal in the open field for the whole session and each half-session. B, BЈ, Same as in A and AЈ for an epileptic rat. C, Spatial profile of theta power (10 -12 Hz) around the SLM of CA1 (data from n ϭ 4 controls, n ϭ 5 TLE rats). Shadowed areas represent the 95% confidence interval. D, Spatial profile of gamma power (30 -90 Hz) around the SLM from the same rats as shown in C. E, Spatial distribution of the mean frequency peak of theta oscillations as recorded around the SLM. F, Probability distribution of animal running (Ͼ5 cm/s) during the entire task. G, Spatial distribution of theta coherence referred to SLM. Note the similar theta coherence values for sites within the CA1 region in both groups, but the large difference in theta coherence between SLM and channels in the dentate gyrus, maximal at 200 m from the SLM (asterisk). H, Spatial distribution of PLV at the theta band (10 -12 Hz) referred to SLM. Similar to theta coherence, note maximal differences between groups at 200 m deep from the SLM (asterisk). Data are given as the mean Ϯ 1.96 SD (95% confidence interval).
as rats explored different objects. Indeed, the mean SLM-ML coherence during all individual exploratory epochs for each object was not different from the mean SLM-ML coherence for the whole session, in both control and TLE rats (Fig.  6AЈ,BЈ) . We also tested whether there was temporal evolution of SLM-ML theta coherence as the rat completed the episodiclike memory task by considering the object exploration order. We found no divergence from the mean value for the whole session in either group (Fig. 6C) .
While firm conclusions cannot be made from this reduced database, this task independence indicates that theta rhythm disruption is a basal condition of the chronic epileptic hippocampus, as previously suggested (Dugladze ). This effect was further confirmed in the extended dataset: the mean value of spectral indices in the first half of the test (0 -150 s) was similar to the mean value obtained for the second half (150 -300 s; p Ͼ 0.05, paired t test). We also detected a strong correlation between spectral indices during the episodic-like memory task and that of any preceding habituation session to the open field without objects, for both the SLM power (r ϭ 0.83, p ϭ 0.0048; Fig. 6D ) and SLM-ML theta coherence (r ϭ 0.81, p ϭ 0.0093; Fig. 6E) . Importantly, the linear regression of spectral indices for a given animal in the two sessions was significantly adjusted to the identity line for both the SLM power (R 2 ϭ 0.63, p ϭ 0.001; permutation test) and SLM-ML theta coherence (R 2 ϭ 0.67, p ϭ 0.0093; permutation test), further confirming that spectral measurements were consistent between sessions. Similar results were obtained for CA1-DG theta coherence, as defined by averaging coherence values from all site pairs between regions (see Materials and Methods; data not shown). Hence, disrupted coordination of LFP theta activity between CA1 and DG appears to reflect a basal condition of the chronic TLE hippocampus.
Disruption of hippocampal theta correlates with performance in the what-where-when memory task
We next asked whether the degree of theta impairment was linked to performance in the what-where-when task. To accomplish this, we examined the relationship between indices of theta activity and the animal's preferential exploration of objects A1 ("old stationary") and B2 ("recently displaced"), as measured with the where, when, and object discrimination ratios. We used spectral data from two sessions per animal (a habituation session and the episodic-like memory test phase) to increase statistical power, given the consistency of these measurements across sessions.
We found correlation between both the power of theta at SLM and where (r ϭ 0.77, p Ͻ 0.0002; Fig. 7A , red line), and between SLM theta power and when (r ϭ 0.77, p Ͻ 0.0005; Fig. 7AЈ ). Correlation between SLM theta power and where was significant for the epileptic group alone (r ϭ 0.83, p ϭ 0.0028; Fig.  7A , blue line) but not for the control group, probably due to homogeneity and the small data sample. Clustering of epileptic and control data in the SLM power-when plot exhibited a confounding effect on correlation that was not significant for either group alone (Fig. 7AЈ) . Theta coherence between CA1 and DG sites was not correlated with where or when (Fig. 7B,BЈ) . Since the group variable had a strong confounding effect in these correlations, we chose to correlate spectral data with discrimination indices for objects A1 and B2.
Consistent with previous interaction between the SLM theta power and where, we found strong correlation between SLM Figure 6 . Basal organization of theta activity. A, Example, for a control animal, of speed and theta coherence during exploration of each different object in the episodic-like memory task. The exploratory order for each object is represented with colors ranging from black to gray. AЈ, Mean values of theta coherence per object were within the mean (red line) and SD (discontinuous line) for the whole session. B, BЈ, Same as in A and AЈ for a representative epileptic rat. C, Changes of theta coherence for control (black, n ϭ 2) and epileptic rats (blue, n ϭ 2) represented as the z-score over successive object explorations. Note that there is no clear divergence from the mean value (red line) from the whole session. The discontinuous line represents the normalized SD. D, Correlation between the mean SLM theta power in two different recording sessions (i.e., a habituation session without objects and the episodic-like memory test phase). E, Correlation between the mean SLM-ML theta coherence in the two different sessions. R and P refer to values of Pearson correlation. theta power and the rat's discrimination ability for object B2 (DI-B2), which represents mostly spatial information (Fig. 7C) . No interaction was detected between the SLM theta power and the discrimination index for object A1 (DI-A1; Fig. 7CЈ ), which mostly represents temporal information. Importantly, we found interaction between theta coherence and DI-A1, but not DI-B2 (r ϭ 0.64, p ϭ 0.0038; Fig. 7 D, DЈ, red line) . This interaction was also present for the control group alone (r ϭ 0.73, p ϭ 0.0375; Fig.  7DЈ , black line), but not for the epileptic group.
To further confirm the statistical significance of these correlations we used a leave-one-out procedure by excluding one rat (two sessions) at a time and estimating the 95% confidence interval of the Pearson correlation. To exclude the confounding effects of the group variable, we imposed strict criteria by rejecting significance whenever the group factor had a confounding effect over the dependent variable (see Materials and Methods). We confirmed the specific interaction between theta power and the spatial component of the what-where-when task, as evaluated by DI-B2 (Fig. 7E) , and between theta coherence and the temporal component, as evaluated by DI-A1 (Fig. 7F ) . Correlation between theta power and DI-B2 was strong (R 2 Ͼ 0.7) and significant along the CA1 and DG strata for both groups together and for the epileptic group alone (Fig. 7E , red and blue asterisks, respectively). In contrast, both theta coherence (and PLV; data not shown) between sites at CA1 and DG were strongly correlated only with DI-A1 (R 2 Ͼ 0.6) for both groups together and for the control group alone (Fig. 7F , red and black asterisks, respectively). Variability of intragroup correlations is likely to be attributed to the small data sample. Therefore, the power and coordination of hippocampal theta activity might be playing distinct roles in retrieving the spatial and temporal components of episodic-like memory, as tested in the what-where-when task.
Discussion
Altogether, our data provide novel insights into the neuronal mechanisms of episodic-like memory and how these are degraded in neurological disease. TLE animals exhibited a highly specific impairment of episodic-like memory for the whatwhere-when triad that did not affect memory for the individual what, where, and when components when tested alone. This disruption was associated with a decrease of theta oscillatory power and its coordination, as measured in the local field potentials recorded along the CA1-DG axis. Reduction of theta coordination (both coherence and PLV) was maximal between the SLM of CA1 and the ML of the DG, which receive direct inputs from upstream entorhinal cortical layers and the contralateral hippocampus. Theta power was more correlated with the spatial (where and DI-B2 indices) than with the temporal component of the what-where-when task (when) for both groups and for the epileptic group alone. Instead, measures of theta coordination were associated with the temporal component for the discrimination index DI-A1, but not for when. We conclude that episodic-like memory, as tested in the what-where-when task, is specifically affected in this experimental TLE model and that the impairment of hippocampal theta activity might underlie this dysfunction.
Testing episodic-like memory processes in animals remains challenging. While the what-where-when task potentially allows for evaluation of episodic-like memory by combining both spatial and temporal aspects, it may still not be sufficiently specific. This task, as well as the task testing for when memory (Fig. 1C) , relies on comparison of the order of presentation of the objects, instead of on the evaluation of the absolute time an event occurred, which is central to episodic memory definition (Tulving and Markowitsch, 1998) . It might be argued that while such a sequential exposure to objects could engage episodic-like memory processes, it does not necessarily require them, and that the animal behavior in these tasks could be explained by different decay of memory traces. However, we confirmed similar preferences of control and TLE rats for a novel object when compared with objects seen in an earlier or a more recent sample (Fig. 1E) . While these data do not fully discard a recency effect and do not test for spatial information, they argue against rats not recalling information from the first acquisition sample when the when component is tested. Moreover, the failure of TLE rats to solve the what-where-when task was not likely to be attributed to a nonspecific inability for high cognitive loads, since we previously showed they were able to learn an allocentric version of the water maze and a complex version of an object recognition task Suarez et al., 2012) . Instead, our data point to specific impairment of the neuronal processes involved in episodic-like memory, as tested with the what-where-when task.
Over the recent years, data have accumulated to support a dissociation between the mechanisms underlying spatial memory and the memory for the temporal order of events (Eacott and Norman, 2004; Hunsaker et al., 2008; Langston and Wood, 2010; Place et al., 2012) . Genetic, lesional, and pharmacological approaches have suggested a role for CA1 in processing short-term temporal order information (Huerta et al., 2000; Kesner et al., 2005) . Instead, CA3 appears to be more engaged in integrating contextual representations by tuning spatial information of CA1 place cells (Nakashiba et al., 2008; Hunsaker and Kesner, 2008; Nakazawa et al., 2003) . However, the picture is rather more complex, with distinct dorsal-to-ventral contributions (Hunsaker and Kesner, 2008) and intricate interactions between plasticity signaling cascades (Tsien et al., 1996; Huerta et al., 2000; Place et al., 2012; Suarez et al., 2012) and input pathways (Nakashiba et al., 2008; . Using a TLE model with minor extratemporal lesions, we found a specific impairment of what-wherewhen episodic-like memory abilities (Figs. 2, 4) . Importantly, spectral analysis of simultaneously recorded hippocampal theta activity showed that theta power correlated more with the spatial than with the temporal component of the task, while measures of theta coordination were more correlated with the temporal component.
Theta oscillations occur in the hippocampus and parahippocampal cortices while the animal explores the environment, and these have been mechanistically related with neuronal processes of encoding and retrieval (Buzsáki, 2002; Kaplan et al., 2012) . Precisely tuned theta rhythms appear to be indispensable for generating spatial firing representation of place and grid cells (Koenig et al., 2011; Brandon et al., 2011) . Reduction of theta power by septum inactivation results in disorganization of spatial firing maps and potentially disrupts spatial memory (Leutgeb and Mizumori, 1999) . Theta oscillations appear to coordinate neuronal activity from different regions during the performance of spatial alternation tasks (Jones and Wilson, 2005; Montgomery et al., 2009; Tort et al., 2009) , and a robust increase of coherence among hippocampal subfields, prefrontal cortex, and striatum is likely to accompany learning progression (Tort et al., 2009 ; but see Sabolek et al., 2009; Sigurdsson et al., 2010) . Indeed, in spatial alternation tasks, theta coherence exhibits a particular reorganization of the inter-regional phase relationship, potentially reflecting plasticity changes of functional connectivity between areas (Benchenane et al., 2010). Therefore, both features of theta (i.e., oscillatory power and coordination) could be linked with Figure 7 . Correlation of electrophysiological and behavioral indices. A, Correlation between the SLM theta power and discrimination index where. Note strong correlation for both groups (red) and for the epileptic group alone (blue). AЈ, Correlation between SLM theta power and the discrimination index when. Note that clustering of both groups dominates between-group variance, preventing statistical interpretation of linear regression. B, We found no correlation between CA1-DG theta coherence and the discrimination index where. BЈ, Correlation between CA1-DG theta coherence and the discrimination index when it was dominated by data clustering. C, Correlation between the SLM theta power and the discrimination ratio for object B2 (DI-B2). Note the strong correlation for both groups (red) and for the epileptic group alone (blue). CЈ, Correlation between SLM theta power and the discrimination ratio for object A1 (DI-A1). While significant correlation was detected for both groups, neither group alone confirmed the whole population trend. D, We found no correlation between CA1-DG theta coherence and the discrimination ratio for object B2 (DI-B2). DЈ, Correlation between CA1-DG theta coherence and the discrimination ratio for object A1 (DI-A1). Note the strong correlation for both groups (red) and for the control group alone (black). E, Statistical validation of the regression analysis for DI-B2. Using a leave-one-out procedure, we estimated the mean and SD of the Pearson correlation coefficient (R 2 ) for each independent variable (theta power and theta coherence at different recording sites). Asterisks denote statistical significance of Pearson correlation for both groups (red) and for the epileptic group alone (blue). F, Statistical validation of the regression analysis for DI-A1. Asterisks denote the statistical significance of the Pearson correlation for both groups (red) and for the control group alone (black). *p Ͻ 0.05; **p Ͻ 0.01, ***p Ͻ 0.001. different processing demands; however, separation of these two attributes of the rhythm is challenging. Our TLE model appears especially suitable to test this hypothesis; individual variability between TLE rats provided examples of animals with relatively preserved oscillatory theta power but strong reduction of its coordination. These animals tend to fail in the temporal aspect of the task but retain memory for the spatial features.
Assisted by multisite recordings, we examined the spatial distribution of theta activity along CA1 and DG strata in TLE rats, and found reduced coordination of theta oscillations between SLM and sites deep into the DG. Since these strata mainly receive direct inputs from the entorhinal cortical layers II and III, which relay different sensory signals into the hippocampus (Witter et al., 2000; Vinogradova, 2001; Bellistri et al., 2013) , our data point to specific disruption of cortical inputs to CA1 and DG as a potential substrate for episodic-like memory dysfunction in TLE (Froriep et al., 2012) . Genetically targeted interventions suggest that layer III temporoammonic inputs to the hippocampus are involved in some forms of temporal memory, where this treatment does not seem to affect spatial reference memory and the basic properties of place cells . TLE rats and humans recapitulate to some extent layer III conditional dysfunction in these transgenic mice due to neuronal loss affecting the lateral and medial entorhinal cortex in association with hippocampal sclerosis (Du et al., 1993; Chauvière et al., 2009; . In TLE, most entorhinal cell loss is constrained to layer III neurons, giving rise to the temporoammonic pathway that projects to CA1, with layer II neurons giving rise to the perforant pathway to DG being relatively unaffected (Du et al., 1995; see also Chauvière et al., 2009) . Possibly, layer III cell loss resulted in abnormal circuit reorganization within the entorhinal cortex, affecting the proper coordination of oscillatory activity in TLE animals (Kumar and Buckmaster, 2006; Froriep et al., 2012) . In addition, poor septo-hippocampal coupling (García-Hernández et al., 2010) and changes in intrahippocampal connectivity might also account for impaired theta oscillations in TLE animals.
A deficit in episodic memory is a common cognitive disorder in TLE (Helmstaedter, 2002) . Depending on laterality, verbal and nonverbal memories are affected (Gleissner et al., 1998; Dupont et al., 2000; Dige and Wik, 2001 ), but there is general agreement that time-and context-dependent episodic-like memory is specifically impaired in TLE patients (Helmstaedter, 2002) . Whether these cognitive abilities can be fully represented unconsciously by the hippocampus is a matter of debate, but data suggest that humans can learn implicitly complex sequences, suggesting dissociation of at least some processes of episodic memory from the declarative function (Wallenstein et al., 1998; Chun and Phelps, 1999; Rose et al., 2002; Schendan et al., 2003) . Using a task previously shown to test for nonverbal correlates of episodic-like memory (Pause et al., 2010) , we found that TLE rats exhibit a specific impairment for integrating what-where-when information. Our data exclude effects of interictal discharges, seizures, and other subclinical epileptiform events in task performance, supporting the conclusion that episodic-like memory deficits reflect an intrinsic cognitive dysfunction in TLE.
The strong relation between theta coordination and the temporal component of episodic memory suggests that theta synchrony is a critical mechanism for binding distinct attributes of an event into a single contextual representation. This result, consistent with previous data in humans (Fell et al., 2001 ; Lega et al., 2012; Fell and Axmacher, 2011), provides experimental support for the identification by Tulving and Markowitsch, 1998 of the temporal dimension as a major attribute of episodic memory. Together with recent genetic and lesion studies (Huerta et al., 2000; Kesner et al., 2005; Nakashiba et al., 2008; Brandon et al., 2011; , our data using a TLE model provide novel insights into the separation of temporal and spatial components of episodic-like memory. Furthermore, we identify different features of oscillatory neuronal activity (i.e., the oscillatory power and coordination) as separate processes potentially underlying this cognitive dissociation.
